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epithelial cells involved DNA-mediated methods. These have included calcium phosphate precipitated with DNA, liposome-directed DNA transfer, and DNA delivered by electroporation. Calcium phosphate precipitated with DNA was initially employed to transfect a variety of immortalized and primary cultures of cells (1) . Use of this technique to achieve transient and long-term gene expression in bronchial epithelial cells, however, has been associated with significant toxicity. With Strontium as an alternative cation, cytotoxicity was decreased but still significant (2). Cationic liposomes have also been used to transfer heterologous genes to airway epithelial cells (3, 4) . This method involves the interaction of positively charged lipids with negatively charged DNA to form a complex that fuses with the cell membrane. This complex accomplishes delivery of the DNA to the cell, whereby expression of the delivered DNA can occur. Transient and stable expression of foreign genetic material has been achieved using this technique. Despite the relative ease of preparation, toxicity was also noted with this method, even after relatively short exposures (4). Exogenous genetic material has also been introduced into airway epithelial cells by electroporation (5) . This technique is accomplished by mixing epithelial cells in suspensions with DNA and apply-ing a brief electrical pulse. Pores are briefly formed in the cell membrane allowing the DNA to enter the cell. In this procedure, cell viability was adversely affected, an effect that correlates with the strength of the electrical pulse.
As an alternative to these DNA-mediated methods, viral vectors have been used to transduce the airway epithelium. In this regard, efficient transduction has been noted with recombinant retroviral and adenoviral vectors (6-9). While these agents possess a higher efficiency of gene transfer, technical difficulties involved in their production have limited their widespread Utility. In addition, these agents suffer from practical limitations related to the size of DNA that can be incorporated as well as potential interactions of heterologous DNA sequences with viral regulatory elements.
In this study, we have explored an alternative vector System to transduce airway epithelial cells in primary culture. This vector System exploits a normal cell entry pathway, receptor-mediated endocytosis, to accomplish delivery of exogenous genetic material to the cell (10-19). In this strategy, a ligand for a specific cell surface receptor is linked to a DNA-binding moiety-in this case, a polymer of positively charged amino acids, such as poly(L)lysine. When allowed to react with a nucleic acid, complexes form with the ligands on the exterior and the genetic material on the interior. This allows specific interaction with the cell surface receptor, followed by internalization. Confirmation that receptor-mediated endocytosis specifically directs delivery of the exogenous gene derives from the attenuation of gene transfer activity seen after the addition of an excess quantity of unconjugated ligand. This also serves to confirm that the specificity of the ligand for the receptor is unaltered after the linkage to the polylysine (13, 16). Potential advantages of this System include cell entry by a physiologic pathway, thereby reducing toxicity to the cell. Repetitive delivery is thus made possible. In addition, the design plasticity of this System allows the potential for specific cell targeting. Finally, given the synthetic nature of the components, large-scale preparation of the reagents can occur easily. We have previously shown that this method was effective in transducing immortalized cells of the airway epithelium (16, 19) . In this study, we show this to be an effective method for the transduction of airway epithelial cells in primary culture.
Materials and Methods

Preparation of Cells
Two types of cellular targets derived from human airway epithelia were employed in this study. The HBE1 cell line is an airway epithelial-derived cell line that has been immortalized by the human papilloma virus. HBE1 cells were grown in Ham's F12/7X medium as previously described (20) . In addition to immortalized airway epithelial cells, primary cultures of human airway epithelial (HAE) cells were employed. These were obtained from surgical specimens of nasal polyps by described techniques ( The various conjugate species were used in transduction experiments. To transduce cells, 1 ml of Ham's 6X medium (Ham's F12/7X lacking transferrin) was added to each plate followed by 500 /xl of the conjugate-DNA complex. After this incubation, the plates were then returned to the incubator (37°C, 5% C02) for 1 h. The plate was then supplemented with an additional 1.5 ml of Ham's F12/7X medium, and the cells were incubated for a given period of time prior to the analysis of gene expression.
Reagents
Agents that affected the endosome/lysosome cellular pathway were employed in some of the gene transfer experiments. Chloroquine HCl (Sigma Chemical Co., St. Louis, MO) was used to cause osmotic disruption of the endosome. This was utilized as a Solution at a final concentration of 100 /xM.
Adenoviruses were employed for their Utility as agents that disrupt the endosome membrane of target cells. For these studies, the adenovirus dl312 was used (26). This virus is replication-defective based on the deletion of the E1A region and a portion of the E1B region. Propagation of these virions was in the cell line 293, which complements the deleted viral genes. After production, viral particles were isolated by two rounds of cesium Chloride centrifugation.
They were then diluted with glycerol and frozen at -70°C.
Analysis of Gene Transfer
To analyze net gene transfer, two plasmid DNAs encoding the luciferase gene were used. The plasmid pRSVL has the Rous sarcoma virus long terminal enhancer/promoter driving the expression of a firefly luciferase gene (27) . The plasmid pCMVL has the cytomegalovirus immediate early promoter/enhancer Controlling the transcription of the firefly luciferase gene (28) . Cells transduced by the various conjugate species were harvested, and cell lysates assayed for expression of the luciferase gene product. Assay of the luciferase activity of transduced cells was as described (16) . Experiments were performed 2 to 4 times each.
To determine the percentage of cells transduced, the plasmid pCMV/3, encoding for the ß-galactosidase gene, was used ( Figure 2 ). This finding was consistent with the concept that gene transfer was limited by the delivery of the conjugate-DNA complex to the lysosomal pathway. As an additional strategy to confirm the contribution of endosomal entrapment to the limited conjugate efficiency, we employed the adenovirus dl312 as an agent to accomplish disruption of the endosome. In this regard, it is known that adenoviruses facilitate the exit of delivered DNA from the endosome and thus enhance conjugate-mediated gene delivery (19) . In this study, cells were co-treated with 2.5 x 10 10 dl312 adenoviral particles and the transferrin-polylysine-plasmid DNA complex. It can be seen in Figure 2 that gene expression employing this agent was significantly augmented compared with transferrin-polylysine-plasmid DNA alone. These findings were consistent with the concept that the limitation of conjugate gene transfer efficiency in human airway epithelial cells in primary culture is principally due to the entrapment of the delivered DNA within the endocy totic compartment and subsequent degradation. Furthermore, overall gene transfer efficiency could be augmented by employing maneuvers to overcome cell vesicle entrapment.
Gene Transfer to Human Cells in Primary Cultures with Conjugates that Pössess Endosome Lysis Activity
Since it was demonstrated that endosomal entrapment of the heterologous gene limited conjugate efficiency in human air-Background hTfpL hTfpL + + chloroquine dl312 Evaluation of the data in Figure 5 shows that gene expression continued and, indeed, increased over this interval. This indicates that the DNA delivered by this route remained within the cell during this period and was not eliminated. Examination of latter time points in rodent primary airway epithelial cells showed diminution of expression of the heterologous gene after 1 wk (data not shown).
Discussion
Gene transfer by the receptor-mediated endocytosis pathway offers an efficient and physiologic scheme for the delivery of exogenous DNA. Because the heterologous DNA enters the cell by a normal cell internalization pathway, the cell is not perturbed to any appreciable degree during the transduction process. The safety of the delivery technique thus permits cells to be transduced on a repetitive basis. It is significant to note that the potential exists to achieve cell-specific targeting, i.e., conjugates may be synthesized for a target cell of interest if Information is known about particular receptors on the cell surface. In this regard, Wu and co-workers have shown that conjugates synthesized with asialoglycoprotein as targeting ligand can deliver foreign genetic material with specificity to the liver (11, 12) . This capacity for cell-specific targeting may also allow particular cells within an organ's heterogeneous cell population to be specifically targeted if particular receptors are known that clearly delineate these various cell types. In addition, this gene transfer method offers several other potential advantages. In this regard, construction of conjugates is technically simple. Finally, the conjugates are able to deliver large DNA molecules to the target cell and, since the DNA interacts with the polylysine in a sequence-independent manner, DNA of any design may be delivered.
As previously shown, HBE1 cells, an immortalized airway epithelial cell line, were readily transduced by the transferrin-polylysine conjugates (16). However, airway epithelial cells grown in primary culture were not susceptible to gene transfer by this route. The difference in transduction efficiency could have been due to either differences in the receptor density on the respective cell surfaces or due to changes in the fate of the endocytosed material in these two cell types. The data derived in this study suggest that the degradative pathway of the lysosome functions particularly well in the cells taken directly from the airway epithelium and that agents that inhibit or subvert this pathway, namely chloroquine and the adenovirus, increase gene transfer efficiency substantially. This limitation could be overcome when conjugates were formed that had the capacity to escape lysosomal degradation within the primary cell. Chloroquine is thought to increase gene transfer activity because of its ability to cause vacuolization of the endosome. After endocytosis and endosome formation, release of the ligand from the cell vesicle occurs as a result of disruption of this subcellular compartment. In this regard, proton pumps serve to lower the pH by translocation of the H + into the endosome. When chloroquine is present within the endosome during the acidification process, it acts as an osmotic agent, causing the endosome to swell and subsequently burst. This then allows endosomal escape of the conjugate-DNA complex, with the result being increased expression of the internalized DNA. The adenovirus is also known to increase gene transfer efficiency by allowing escape of the endocytosed material from the endosome. Uptake of the adenovirus by the cell occurs by the receptor-mediated endocytosis pathway. Receptors Cluster on the cell surface and clathrin-coated pits form. Endosomes are then formed, containing the ligand attached to the cell surface receptor. As mentioned above, acidification of the endosome occurs by a membrane-found proton pump. This causes a conformational change in the capsid protein of the virus, allowing interaction of the hydrophobic domains of the viral capsid with the endosome membrane, causing endosome disruption (32). This vesicle disruption step serves to allow delivery of the endosomal contents to the cytoplasm (31). Overall, we have shown increased gene transfer activity both qualitatively, with the luciferase data, and quantitatively, with the /3-galactosidase histologic data.
In summary, data are presented for gene delivery by the receptor-mediated endocytosis route to airway epithelial cells grown in primary culture. Highly efficient transduction of these cells is noted when the adenovirus is used to function as an agent that lyses the endosome in the conjugate vector. This allows the delivered DNA to escape from the endosome, thereby allowing completion of gene transfer in these cells, which exhibit a physiologic level of endosomal degradation.
